One sentence summary: Gene products from the ymdAB-clsC operon are stress-responsively expressed as polycistronic transcripts with extensive post-transcriptional modifications, and their encoded proteins inhibit biofilm formation and affect susceptibility to apramycin via a sucA-associated pathway.
INTRODUCTION
Prokaryotic operons are sets of genes that are co-transcribed, often using the same promoters and terminators, to yield polycistronic messenger RNAs (Wolf et al. 2001; Okuda et al. 2006) . It is estimated that 50% of genes in bacteria are transcribed (at least some of the time) as part of an operon, while others are transcribed from individual genes (Price et al. 2005; Okuda et al. 2007) . One explanation for the existence of operons is the requirement for gene co-regulation in shared biological pathways (Price et al. 2005) . This is supported by the observation that genes within operons encode functionally related proteins such as enzymes that catalyze metabolic pathways (Zheng et al. 2001; Zhao et al. 2013) or individual members of a single protein complex (Romero and Karp 2004) . Moreover, operons show extensive interactions such as the sharing of effector molecules (Narang and Oehler 2017) . Therefore, operons are predicted and defined according to the following criteria: (i) short intergenic distances, (ii) conserved gene clusters, (iii) functional correlation, (iv) shared transcription elements or effector molecules, and (v) experimental evidence (Brouwer, Kuipers and van Hijum 2008) .
Web-based databases predict operons based on the above criteria (Pertea et al. 2009; Dehal et al. 2010; Taboada et al. 2012; Mao et al.2014) . However, RNA sequencing and transcriptomic dynamics studies suggest that several operons conditiondependently encode multiple transcription units (Güell et al. 2009; Sorek and Cossart 2010; Fortino et al. 2014) and display unexpected transcriptome complexity in several bacteria (Conway et al. 2014) . Therefore, extensive experimental analysis of individual operons seems to be required.
In most operons studied to date, the most upstream promoter controls both transcription and responses to environmental signals (Barnard, Wolfe and Busby 2004; Ishihama 2010) . However, more complex transcriptional regulation by multiple promoters and terminators within a single operon has been reported (Okuda et al. 2006) . Such cases include many stressresponsive small non-coding RNAs and proteins, such as 6S RNA, a regulator of sigma factor action (Kim and Lee 2004) , and BolA, a biofilm activator (Aldea et al. 1989) .
The majority of bacteria exist naturally in biofilms, which are surface-bound communities of bacterial cells. Biofilms play roles in many diseases, antibiotic resistance and treatment of waste water (Xavier and Foster 2007) . In particular, biofilm formation leads to increased cell resistance to antimicrobial agents. Bacteria living in biofilms can be up to 1000 times more resistant to antibacterial compounds than planktonic cells (Czaczyk and Myszka 2007) . Conversely, cells derived from a disrupted biofilm generally become susceptible to antibiotics when grown planktonically (Sharma et al. 2016) . The mechanism underlying biofilm formation by bacteria, especially Escherichia coli strains, has been extensively reviewed (Beloin et al. 2004; Beloin, Roux and Ghigo 2008; Wood 2009; Weiss-Muszkat et al. 2010) . High-throughput analysis shows that hundreds of genes within operons are differentially expressed by planktonic or biofilm-forming E. coli cells (Schembri, Kjaergaard and Klemm 2003; Beloin et al. 2004; Ren et al. 2004; Junker, Peters and Hay 2006; Domka et al. 2007; Hancock and Klemm 2007; Wood 2009 ). Additionally, bacterial cell surface proteins, pili and flagella participate in initial attachment to surfaces (Fong and Yildiz 2015) during biofilm formation.
The E. coli K12 chromosome harbors three independent regions at base-pair position 1105 414-1107 776, which encodes the YmdA, YmdB and ClsC proteins. The biological roles of YmdB and ClsC in E. coli have been characterized; however, the function of YmdA (as a putative fimbrial protein) has only been predicted (www.ecogene.org). YmdB, a macrodomain family protein with O-acetyl-ADP-ribose deacetylase activity (Chen et al. 2011) , inhibits RNase III activity (Kim, Manasherob and Cohen 2008) and biofilm formation (Kim, Lee and Kim 2013; Kim, Kim and Kim 2017) , and confers susceptibility to apramycin (Kim, Kim and Kim 2017) . Additionally, expression of the sucA gene within the TCA cycle is required for a YmdB-mediated phenotype (Kim, Kim and Kim 2017) . ClsC functions as a cardiolipin synthase during the stationary phase of bacterial growth (Tan et al. 2012) . The two proteins are thought to be expressed from a single operon because co-expression of YmdB is required for full complementation of ClsC function, although this putative operon has not been validated (Tan et al. 2012) .
In terms of gene structure, the gap between the regions encoding ymdA and ymdB is 94 bases, while that between ymdB and clsC is only a single base. Based on the criteria used to define operons, it seems that ymdA-ymdB-clsC constitutes an operon structure, although a genome-wide study of E. coli promoters did not provide evidence that it is an operon (Mendoza-Vargas et al. 2009 ). Additionally, the structure also shows some conservation in other Gram-negative bacteria such as Salmonellae enterica and Shigella flexneri species (www.ecocyc.org). Several attempts to understand the mechanism underlying gene expression from this putative operon structure have, at least in part, revealed the transcriptional characteristics of ymdB and clsC. For instance, the active promoter region of ymdB (P ymdB ) is located within the YmdA coding region, and is induced by stationary growth signals and cold-stress (Kim, Manasherob and Cohen 2008) . However, the exact transcriptional start site has not been characterized. Meanwhile, the 5 end of the clsC transcript was identified by rapid amplification of cDNA ends (RACE) analysis of stationary phase cells (Weiss-Muszkat et al. 2010) , although promoter analysis was not performed.
Because YmdB and ClsC are key regulators of important biological processes, it is important that we understand how such genes are expressed and regulated. Here, we analyzed ymdA, ymdB and clsC transcripts and characterized a putative ymdABclsC operon located within the 1105 414-1107 776 bp region of the E. coli chromosome, in addition to studying the biological functions of previously investigated proteins derived from this operon. Prediction and experimental validation of promoters and transcripts led to the identification of two promoter regions (P ymdA and P clsC ). These promoters, along with P ymdB , are regulated by growth signals and cold-shock, although P ymdA was most responsive to long-term cold-shock. End determination revealed the presence of polycistronic transcripts of ymdAB or truncated ymdB-clsC, which were regulated by polyadenylation. Overexpression of individual proteins encoded by the operon showed that all three inhibited biofilm formation, revealing either a new or an additional role for YmdA and ClsC. Moreover, the operon genes were involved in modulating apramycin susceptibility depending on the cellular levels of gene products. Interestingly, above two processes were dependent on the sucA gene. Further analysis of the effect of polycistronic transcripts on biofilm inhibition and apramycin susceptibility was performed using RNA overexpression plasmids. The results showed that biofilm formation was inhibited whenever ymdA, ymdB, or clsC was overexpressed. However, the overexpression of polycistronic transcripts without the ymdA region (-213 to +27) did not induce apramycin susceptibility. Taken together, the data indicate that the ymdAB-clsC operon is a new transcriptional and a functional modulatory operon in E. coli, which plays a role in regulating biofilm formation and antibiotic susceptibility.
MATERIALS AND METHODS

Bacterial strains, plasmids and phages
The primers used in the study are listed in Table S1 , Supporting Information. The bacterial strains, plasmids and phages are listed in Table S2 , Supporting Information. Bacteria were grown in LB medium with or without antibiotics at 37
• C. Cold-shock was performed at 13 • C. Polymerase chain reaction (PCR) amplification was performed according to the manufacturers' protocol. The promoter region of ymdA (P ymdA ), which was predicted by BPROM (http://www.softberry.com) with a query DNA sequence (1105 152-1105 290 bp of the E. coli K12 MG1655 genome) (GenBank U00096.3) was sub-cloned into plasmid pKK232-8 (Amersham), a chloramphenicol acetyltransferase (CAT) reporter plasmid or into pSP417, a lacZ transcriptional fusion vector (Podkovyrov and Larson 1995) . For P clsC , the 1106 124-1106 320 bp region of the E. coli K12 MG1655 genome was sub-cloned into pSP417; position 1106 292 is an experimentally validated transcriptional start site (Mendoza-Vargas et al. 2009 ). Two promoter-lacZ fusions were further recombined into the chromosome of BW25113 strains using λRS45 (Simons, Houman and Kleckner 1987) as a single lysogen (Kim, Manasherob and Cohen 2008) . The multiple polycistronic transcripts, with ends identified by RACE, were sub-cloned into plasmid pHMB1, a RNA expression plasmid inducible by isopropyl β-D-1-thiogalactopyranoside (IPTG) . All sub-clones were verified by DNA sequencing.
RNA extraction
Total RNA was extracted using an RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturer's instructions, and DNA was removed by on-column DNA digestion and two rounds of Turbo DNase (Ambion, Carlsbad, CA, USA) treatment.
Measurement of promoter activity
The activity (IC 50 ) of P ymdA within pKK232-8 was analyzed as described previously (Kim and Lee 2004) . The effects of growth phase or cold-shock on promoter activity were determined by measuring β-galactosidase activity from the chromosomal lacZ fusions in whole cells as described previously described (Kim, Manasherob and Cohen 2008) . Values are expressed as the mean of at least three independent experiments.
Reverse transcription polymerase chain reaction (RT-PCR)
cDNA synthesis was performed as previously described (Kim, Park and Lee 2012) , followed by amplification with QuickTaq R mix (Toyobo Inc., Osaka, Japan) and gene-specific primer sets (Table S1 , Supporting Information). PCR conditions were as follows: one cycle of 94 • C for 3 min; followed by 30-40 cycles of
94
• C for 30 s, 53
• C for 30 s and 68
• C for 2 min; and one cycle of 68
• C for 3 min. The amplification products were analyzed by agarose gel electrophoresis and ChemiDoc MP (Bio-Rad Laboratories, Hercules, CA, USA) and one product, representative of three independent reactions, is shown in the relevant figures.
and 3 RACE
The 5 and 3 rapid amplification of cDNA ends (RACE) experiments were carried out as previously described (Argaman et al. 2001) in the presence of Tobacco acid pyrophosphatase (TAP). The RNA oligo ligated product was amplified by PfuUltra HighFidelity DNA polymerase (Agilent, Santa Clara, CA, USA), RNA oligo-specific primers, and two different gene-specific primers (Table S1 , Supporting Information), according to the manufacturer's instructions. The products were extracted from the agarose gel, sub-cloned using the T-Blunt PCR Cloning Kit (Biofact, Inc., Daejeon, Korea), and transformed into DH5α cells. Plasmids from RACE samples for individual genes were randomly selected and sequenced using either M13-20F or M13-20R primers. Overall, we analyzed 39, 48 and 30 individual plasmids for ymdA, ymdB and clsC genes, respectively.
Biofilm formation assays
Escherichia coli were grown in LB broth for 16 h at 37
• C and then diluted to 5 × 10 6 CFU mL −1 in fresh LB broth with or without 0.1 mM IPTG. Aliquots (800 μL) were dispensed into polystyrene tubes (Falcon 352058, BD Biosciences) and incubated for 24 h at 37
• C without shaking. The planktonic cells in liquid medium were discarded, and the tubes were washed twice with distilled water. The tubes were then air-dried, and attached biofilms were stained with 1% crystal violet for 15 min. Then, the plates were rinsed twice with distilled water to completely remove excess dye and air-dried. The dye associated with the attached biofilms was dissolved with 1 mL of 30% acetic acid, and then absorbance (A 595/600 ) was measured to determine the amount of biofilm formation. The relative ratios of biofilm formation of individual samples to the control are shown. Each value represents the mean ± standard deviation of 10 independent cultures.
Determination of minimum inhibitory concentration
Minimum inhibitory concentrations (MICs) obtained using the clot method, growth curves and cell viability counts were determined as previously described (Kim et al. 2015) . Briefly, all reactions were performed at 37
• C for 24 h in Müller-Hinton broth with (overexpression) or without (knockouts) 0.1 mM IPTG. The MICs were determined from manual photographs of individual bacterial clots in 96-well plates using a Manual Viewer (Trek Diagnostic Systems, Inc., Cleveland, OH, USA). Growth was monitored every 20 min by measuring the absorbance at 600 nm using a FLUOstar microplate reader (BMG Labtech, Ortenberg, Germany), and the 1 h interval data for the growth curves were analyzed using Omega V3.00R2 software (BMG Labtech, Ortenberg, Germany). After growth for 24 h, aliquots of the cells grown in the presence of different concentrations of apramycin were diluted to the same A 600 value, deposited onto LB agar plates and incubated overnight at 37 • C. Images were then taken using the ChemiDoc MP System (Bio-Rad Laboratories, Hercules, CA, USA) and one result, representative of 10 experiments, is shown in the relevant figures.
RESULTS
Prediction and characterization of the promoter activity of the putative ymdA-ymdB-clsC operon
Within the putative ymdA-ymdB-clsC operon, only the promoter activity of ymdB (P ymdB ) has been characterized. We hypothesized that ymdA, ymdB and clsC comprise an operon structure that is regulated by upstream promoter(s). To test this, we PCRamplified a single predicted upstream promoter region (named P ymdA ), sub-cloned it into the pKK232-8 vector, and measured its activity. We found that the CAT activity of P ymdA had an IC 50 of 68.0 ± 1.7 μg mL −1 , while that of the control vector was 11.1 ± 2.8 μg mL −1 . To measure activity in a growth time-dependent manner and to compare data with those obtained for P ymdB , we examined the lacZ fusions for β-galactosidase activity. We found that P ymdA was about 33% as active as that of P ymdB during exponential growth and that its activity increased 2-fold during stationary phase, unlike P ymdB , whose activity increased ∼9-fold (Fig. 1A) . The activity of P clsC derived from the chromosomal lacZ fusion was also analyzed. It showed a growth-dependent increase in activity similar to that of P ymdB (Fig. 1A) . We speculated that specific environmental signal(s) modulate the activity of P ymdA . The GenExpDB (Escherichia coli Gene Expression Database; genexpdb.ou.edu) revealed that cold-shock was the signal that induced expression of ymdA, ymdB and clsC. Therefore, we next evaluated the bioinformatics data by measuring β-galactosidase activity induced by P ymdA by subjecting cells to cold-shock for 24 h. The results showed that P ymdA activity increased ∼10-fold compared with that in non-exposed cells (Fig. 1B) . Additional analysis of the effects of cold-shock on P ymdB (the activity of which has not been examined in the context of cold-shock) and P clsC were then performed. We found that both promoters were induced by cold-induced stress, although P clsC was 2-fold more responsive than P ymdB (Fig. 1B) .
Characterization of ymdA transcripts
Since P ymdA appears to be the most upstream promoter, it is expected that transcripts originating from this promoter are polycistronic transcripts that contain ymdA. We analyzed such transcripts at the exponential and stationary phases of growth.
RT-PCR was performed at both growth phases to detect the presence of a ymdA transcript containing the whole open reading frame. The transcript was detected only at the exponential phase (Fig. 2B) . We further determined the 5 and 3 ends of ymdA transcripts at both growth phases by RACE. Two 5 ends starting at -213 C and -211 G upstream of the ymdA translation start site ( +1 A at 1105 414 bp) were identified in exponential phase (Table S3, Supporting Information) and found to be affected by the predicted promoter activity. In the case of 3 RACE, transcripts of ymdA were detected only in exponential growth phase and harbored heterogeneous and pre-terminated ends ( +94 C, +193 A and +265 C) before the stop codon ( +312 A), and some ends after YmdB coding regions ( +370 T, +555 T and +918 C). Other sequence analyses revealed that transcripts ending at +586 G or +617 C within the ymdB coding region were polyadenylated. However, we did not find any ends inside or outside the clsC coding region. These results suggest the presence of a ymdAB transcript during the exponential growth phase. We consistently detected a ymdAB transcript covering the complete coding regions of ymdA and ymdB (Fig. 2E) , whereas a ymdAB-clsC transcript containing all three open reading frames was not detected by RT-PCR under the growth conditions tested (Fig. 2G) . However, the ymdAB-clsC transcript was detected by RT-PCR under cold-stress conditions (Fig. 2H) .
Characterization of ymdB transcripts
Although the P ymdB activity and the amount of YmdB protein are regulated in a growth-dependent manner, changes in ymdB transcript levels induced by growth signals have not been characterized. Here, we used RT-PCR to examine the level of growth signal-induced transcripts harboring the whole ymdB coding region. The data showed that ymdB transcripts were much more abundant during the stationary phase than during the exponential phase (Fig. 2C) . In addition to the monocistronic ymdB transcript, we detected a polycistronic transcript, ymdB-clsC, that could encode YmdB and ClsC proteins during both growth phases and during cold-shock ( Fig. 2F and H) . The ends of the ymdB transcript from both exponential and stationary growth phases were further determined by RACE analysis. 5 RACE analysis identified heterogeneous 5 ends (Table S3 , Supporting Information). Among these, -211 G, an upstream region, and +23 C and +26 A within the ymdA coding region were detected. The other end ( +386 A) was located in the upstream of the ymdB start codon ( +408 A), a possible transcription start site from P ymdB . We also performed 3 RACE and found, in both the exponential and stationary phases, heterogeneous ends pre-terminated in the ymdB or clsC regions. In addition, polyadenylated transcripts were present at the truncated clsC coding region.
Characterization of clsC transcripts
The transcription start site of clsC was identified by 5 RACE experiments. However, the mode of clsC transcription has not been fully characterized. Here, we showed that the activity of P clsC was regulated in a growth-dependent manner, similar to that of P ymdB (Fig. 1) . Therefore, we next performed RT-PCR to determine whether the steady-state transcript level was also growthdependent. Indeed, similar to ymdB (Fig. 2C) , the levels of clsC transcripts during the stationary phase were higher than those during the exponential phase (Fig. 2D) . Therefore, we expect that ymdB-clsC transcripts are present in vivo. The RT-PCR and RACE experiments using total RNAs extracted from cells in either growth phase revealed transcripts covering the full region of the open reading frames of YmdB and ClsC; the abundance of these transcripts was much higher during stationary phase (Fig. 2F) . 5 RACE analyses identified three different 5 ends. One major end detected during both exponential and stationary phases was +881 G, located upstream of the clsC start codon (Table S3, Supporting Information); this finding is consistent with previous findings. The other two ends ( +864 C and +884 A) have not been reported before. In addition to the clsC transcription start site, we also detected an end ( +386 A) identified as the transcription start site upon 5 RACE of ymdB. This indicates that ymdBclsC transcript(s) are present. Further 3 RACE analysis identified heterogeneous 3 ends, most of which were located outside the clsC coding region. This indicates that full-length ymdB-clsC is present in vivo. The presence of such polycistronic transcripts was validated by RT-PCR analysis of cold-treated cells (Fig. 2H) .
Role of operon gene products in biofilm formation
The function of YmdA has not been characterized. Since we demonstrated the presence of the transcript ymdAB ( Fig. 2E ; Table S3, Supporting Information), we expected that YmdA and YmdB have similar functions. To test this, we examined biofilm formation upon overexpression of YmdA or YmdB. In both cases, biofilm formation was lower than that by control cells (Fig. 3A ).
To test whether the level of ymdA transcript is important for determining the phenotype, we measured biofilm formation by ymdA knockout cells and found it to be higher than by wild-type cells (Fig. 3C) . A previous report showed that full complementation of a clsC mutant requires co-expression of ymdB, suggesting that YmdB and ClsC may function in the same biological pathway (Tan et al. 2012) . Therefore, we expected that ClsC functions like YmdB in biofilm formation. Indeed, ClsC overexpression reduced biofilm formation (Fig. 3A) . Conversely, deletion of clsC increased biofilm formation (Fig. 3C) . Because overexpression of each gene in this operon inhibited biofilm formation, a triple knockout strain was prepared to test whether the whole operon affects biofilm formation. The strain showed much higher biofilm formation than the wild-type strain (Fig. 3C) . ) , ASKA-ymdA, -ymdB, or -clsC were used. For knockout, strains without antibiotic markers were used. Apramycin susceptibility was evaluated by a cell viability assay using cells at 24 h time point on the growth curve (Fig. S2, Supporting Information) .
Effects of YmdA, YmdB and ClsC on antibiotic susceptibility
Since YmdA, YmdB and ClsC have similar roles in biofilm formation, we next examined the effects of YmdA and ClsC on apramycin susceptibility, a phenotype caused by YmdB, using overexpressing and knockout strains. MIC determination revealed that overexpression of YmdA increased susceptibility to apramycin, whereas overexpression of ClsC did not ( Fig. 3B;  Fig. S2A , Supporting Information; Table S4 , Supporting Information). Further susceptibility testing revealed that individual ymdA, ymdB and clsC knockouts were 2-to 4-fold more resistant to apramycin than the wild-type strain ( Fig. 3D; Fig. S2A , Supporting Information; Table S4 , Supporting Information).
Role of sucA in the operon gene-mediated phenotypes
We expected that other genes within this operon might be regulated by sucA, as shown for the YmdB-mediated phenotypes. To test this, we transformed ASKA (a complete set of E. coli K-12 ORF Archive)-ymdA, ASKA-ymdB or ASKA-clsC into a sucA knockout strain and performed biofilm formation assays and apramycin susceptibility testing. In the absence of sucA, inhibition of biofilm formation by overexpression of YmdA and YmdB was abolished, whereas overexpression of ClsC promoted biofilm formation (Fig. 4A) . Similarly, increased susceptibility to apramycin upon overexpression of YmdA and YmdB was no longer observed in the absence of sucA; by contrast, overexpression of ClsC promoted apramycin resistance ( Fig. 4B; Fig. S3 , Supporting Information; Table S4 , Supporting Information).
Phenotypic effects of polycistronic transcripts with different ends
Here, we characterized the individual functions of YmdA, YmdB and ClsC. However, because these proteins seem to be produced from polycistronic transcripts, we need to characterize the roles of these polycistronic transcripts. The RACE results (Table S3 , Supporting Information) suggest that the 5 and 3 ends of the region containing the ymdAB-clsC transcript expressing the three individual proteins are located at positions -213 and +2601, respectively. However, polycistronic transcripts with 3 ends different from those of the full ymdAB-clsC transcript (i.e. partial ymdAB, ymdB-clsC and ymdAB-clsC transcripts) were also present. In this case, such transcripts would have different effects on function. To test this, we sub-cloned full or partial ymdAB, ymdBclsC or ymdAB-clsC transcripts into pHMB1 to yield the following transcripts: -213 ∼ +918 (ymdAB), -213 ∼ +1129 (ymdAB) and -213 ∼ +2601 (ymdAB-clsC). Cells harboring these transcripts were then subjected to MIC testing with apramycin. We found that RNAs starting at -213 rendered E. coli susceptible to apramycin ( Fig. 5A; Fig. S4 , Supporting Information; Table S4 , Supporting Information). In addition, all constructs inhibited biofilm formation (Fig. 5B) . To analyze the effect of truncating the 5 end of ymdA on function, we also overexpressed a transcript harboring region +28 to +1206 in cells and subjected them to MIC testing. Overexpression of this RNA sequence did not induce apramycin susceptibility (Table S4 , Supporting Information), while it inhibited biofilm formation.
DISCUSSION
Here, we examined the transcription and function of genes encoded by the ymdAB-clsC operon in Escherichia coli. We showed that this operon harbors three protein-encoding genes that are regulated by growth-responsive promoters and multiple post-transcriptional modifications. Additionally, the promoters within this operon were regulated by cold-shock. Interestingly, all three operon genes participate in the regulation of biofilm formation and in the control of apramycin susceptibility via a sucA-mediated pathway. All our data and those of previous reports about the functions for YmdB and ClsC proteins (Kim, Manasherob and Cohen 2008; Tan et al. 2012; Kim, Lee and Kim 2013; Kim, Kim and Kim 2017) , support the idea that the ymdABclsC operon is a multirole modulatory unit that controls E. coli functions.
We showed that YmdA, which was originally predicted to be a fimbrial protein that mediates bacterial adhesion to glycoprotein receptors in the mucus layer (www.ecocyc.org), acts as an inhibitor of biofilm formation and as an inducer of apramycin susceptibility. Additionally, we found that ClsC also acts as a biofilm inhibitor. Therefore, all three proteins derived from the ymdAB-clsC operon function as biofilm inhibitors. Knockout studies showed that expression of YmdA or ClsC by E. coli requires biofilm formation, suggesting that control of YmdA and ClsC levels is particularly important. However, the effect of YmdB on biofilm formation seems complicated and involves many genes (Kim, Manasherob and Cohen 2008; Kim, Kim and Kim 2017) ; further studies are required if we are to fully understand the underlying mechanisms. In addition, examination of triple knockouts revealed that the phenotype associated with increased biofilm formation is the opposite of that caused by overexpression. Therefore, the ymdAB-clsC operon could be a new regulatory component for biofilm modulation in E. coli.
From our transcriptional analyses of different growth phases, we expected that multiple factors, such as promoter competition and cellular signals, would be involved in modulating transcription efficiency and transcript fate. The activity of P ymdA during cell growth was weaker than that of P ymdB and P clsC , suggesting that transcription of ymdB and clsC outcompetes that of ymdA. Additionally, P ymdA was less sensitive to stationary growth signals than P ymdB and P clsC . This promoter activity is somewhat similar to that of bolAp2 encoded by the bolA gene, another biofilm-modulating component in E. coli, in that weak and constitutive activity or specific to exponential growth (Aldea et al. 1989) . However, P clsC was regulated by growth signals in a manner similar to P ymdB . The data presented herein suggest that the activity of P ymdA does not contribute to the steady-state level of ymdB and clsC transcripts during the stationary phase since, as previously shown (Kim, Manasherob and Cohen 2008; Tan et al. 2012) , P ymdB and P clsC were induced during the stationary phase. The fact that transcripts of ymdA were detected by both RT-PCR and RACE only during the exponential phase supports this hypothesis.
We also revealed that an additional signal, cold-shock, induces promoter activity within the operon structure. All promoters within the operon were sensitive to cold-shock in the following order: P ymdA > P clsC > P ymdB . In addition, the presence of a polycistronic transcript, ymdAB-clsC, containing the entire coding region for each individual protein was verified by RT-PCR during cold-shock (Fig. 2) . Therefore, it seems that activation of P ymdA is necessary when bacteria are recovering from cold-induced damage. Both the function of YmdA and differential expression of operon genes might be related to cold-induced stress. However, the phenotypes we identified in this study cannot be measured under such conditions. Thus, in the near future, it will be necessary to identify the biological phenotypes and its underlying mechanism for such a transition of promoter utilization and the biological significance of regulation.
The fate of operon-encoded transcripts is thought to be extensively regulated by ribonucleases and their associated factors, since polyadenylation is associated with ribonucleases (Mohanty and Kushner 2016) . This was supported by the results shown in Table S3 , Supporting Information: (i) 5 RACE analysis of ymdB transcripts detected the truncated 5 ends of ymdA and the truncated 3 ends of clsC transcripts; (ii) polyadenylated forms of ymdAB transcripts ending at partial ymdB coding sequences were detected; and (iii) the transcripts of multiple heterogeneous 3 ends of ymdB or clsC were detected in RACE experiments with ymdA or ymdB. This seems to be consistent with a previous report that genes in operons affecting biofilm formation are regulated by a transcription factor array linked to numerous sensory signals (Romling 2005) . Additionally, biofilm-associated cells require a balance between attachment and planktonic dispersal (Moons, Michiels and Aertsen 2009) , and this trait is tuned in response to the environmental stresses placed on the biofilm.
The absence of sucA inactivated the function of YmdA and YmdB, whereas it activated the function of ClsC involved in regulating biofilm formation and antibiotic susceptibility. These results suggest that sucA gene is one of the essential components regulating the function of individual or complexed operonencoded proteins. Further studies directed at validating the relationships between the above genes and identifying other regulatory components could help provide a fuller understanding of how this operon functions.
To understand the biological roles of polycistronic transcripts, we overexpressed ymdAB or ymdAB-clsC transcripts with different 3 ends (-213 to +918 and -213 to +1129 and -213 to +2601, respectively) and found that apramycin susceptibility was induced in all cases. These results suggest that transcripts encoding full-length YmdA and additional amino acids 1-170 of YmdB protein (+409 to +918) are minimally required for apramycin susceptibility, whereas additional 3 end sequences, including the ClsC coding region (from +944 to +2365), have no additional effect on function. Meanwhile, all transcripts inhibited biofilm formation.
However, overexpressing a transcript containing region +28 to +1206, from which the 5 end of ymdA (region -213 to + 27) was eliminated, nullified apramycin susceptibility but did not appreciably affect biofilm inhibition. Thus, there exists a discrepancy between the gene region requirements for biofilm formation and those for apramycin susceptibility, although the YmdB coding region responsible for apramycin susceptibility is present within the YmdA transcript. One possibility is that the region between -213 to +27 might be required to support the role of YmdA or YmdB in antibiotic susceptibility. This region contains a ribosome-binding site for YmdA, along with a sequence of nine amino acids representing an as-yet uncharacterized signal peptide (www.ecocyc.org); these may affect expression and function of YmdA and/or YmdB.
Taken together, the data presented herein indicate that the ymdAB-clsC operon is a new stress-responsive operon in E. coli that functions to regulate biofilm formation and antibiotic susceptibility.
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